Objectives/Hypothesis: This study assessed the normal growth and development of mastoid air-cell system (MACS) geometry from infancy through adolescence.
INTRODUCTION
The middle ear can be anatomically and functionally subdivided into two normally air-filled cavities that communicate in the air-phase, the tympanum, and the mastoid air-cell system (MACS). Although the tympanum contains the middle ear ossicles that couple vibrations of the tympanic membrane to those of the oval window and serves a function in hearing, the function of the MACS is not clearly established. 1 Numerous studies show that MACS volume is inversely related to the predisposition of the middle ear to certain pathological conditions including cholesteatoma and otitis media. [2] [3] [4] [5] [6] One hypothesis advanced to explain this relationship is that the MACS functions as a middle ear gas reserve such that middle ears with larger MACS require less frequent eustachian tube openings to maintain near-ambient total pressure. 1 Other studies show that the efficiency of this mechanism depends on the surface area-to-volume (SA/V) ratio for the middle ear (i.e., MACS þ tympanum). 7 The significant left-right correlations for MACS volume and for MACS surface area documented in adults 8 suggests a strong genetic component to these measures as originally proposed by Diamant. 9 However, it is not known if those individuals with genetically programmed small mastoid volumes are at risk for otologic complications or if middle ear diseases stunt the genetically programmed growth of that structure, as was demonstrated in animal models 10, 11 and suggested by studies in humans. 6, 7, 12 To begin to resolve this issue, cross-sectional data for MACS volume (and often surface area) in otherwise healthy ears as a function of age were collected and analyzed in an effort to develop growth curves for those measures. For example, Cinamon assembled data from a variety of studies in different populations that measured MACS pneumatization using planimetric techniques, and documented increasing MACS pneumatization between the ages of 1 and 10 years and then stable values thereafter. 13 Lee and colleagues used computed tomography (CT) scans to reconstruct MACS volume, and reported increasing volumes with age through the middle of the third decade of life, and then a progressive decrease in volume to 80 years of age, although it should be noted that the age range of 0 to 9 years was underrepresented in their data set. 14 Finally, Csakanyi and colleagues reconstructed the MACS volume and surface area from CT scans in 40 children aged 2.5 to 18 years without a history of middle ear disease. They described a linear increase in volume and surface area to age 7, a plateau between 7 and 13 years, and a resumed increase in volume to age 18 years. 15 They also reported a significant left-right correlation in MACS volume and MACS surface area, and noted in passing that the SA/V ratio for the MACS was independent of age.
Because of the wide variability in the growth trajectories for MACS volume reported in these studies, we performed a cross-sectional study of the change with age in MACS volume, surface area, and SA/V ratio based on normal CT scans from 36 (72 ears) individuals with no history of middle ear disease. These MACS parameters were reconstructed from the CT scans of infants, children, and adolescents ranging in age from 1.6 to 18 years, and these data were used to develop growth curves for those parameters.
MATERIALS AND METHODS
The goal of this study was to reconstruct and measure MACS volume, surface area, and the SA/V ratio in a cross-section sample of infants, children, and adolescents with no history of middle ear disease. For this study, we reviewed patient charts for children aged 1 to 18 years who had CT scans originally prescribed for diagnostic purposes by staff members of the ear, nose, and throat service at Children's Hospital of Pittsburgh. The set of CT scans accepted for this study had no evidence of abnormalities as recorded by the consulting radiologist and had no history of middle ear disease. An attempt was made to fulfill binned ranges of two scans per year of age from 1 to 18 years. The study was reviewed and approved by the University of Pittsburgh institutional review board.
The selected CT scans included the bilateral tympanum and MACSs and were acquired in the transverse plane using a GE LightSpeed VCT system (GE Healthcare, Waukesha, WI). The images were obtained using a field of view that included both temporal bones (138-180 mm) within a 512 Â 512 matrix.
The resolution averaged over the entire sample was 0.032 cm per pixel with a slice thickness of 0.063 cm. From each CT scan, the complete set of transverse images through the bilateral MACSs (superior to inferior) was used for the reconstructions. Using Image J software (http://rsbweb.nih.gov/ij/), these sections were imported, and the left and right MACSs and tympanums were identified, segmented out, and analyzed. For each MACS, the perimeter and area of all air cells were highlighted, measured with the appropriate calibration, and summed across images. These sums were multiplied by the section interval to yield MACS surface area (cm 2 ) and volume (mL), and the MACS surface area was divided by volume to yield the SA/V ratio. This procedure is essentially identical to that used previously to measure MACS volume, surface area, and the SA/V ratio in adult subjects. 7, 8, 16 All data for left and right MACS were entered into Microsoft Excel (Microsoft Corp., Redmond, WA) for analysis. For the three primary parameters, MACS volume, surface area, and SA/V ratio, linear regression was used to determine the relationships between: 1) these parameters for the left and right MACS over all specimens; and 2) for each parameter, the average value for the left and right MACS in each individual, and age in males and females, separately. The significance of the slope of the regression equations versus a value of 0 (no change with age) was calculated using the Student t test evaluated at a ¼ .05, and the fit of the regression line was estimated by the square of the Pearson product moment correlation coefficient (r 2 ), which when multiplied by 100% corresponds to the percent of variance in the independent variable predicted by the dependent variable. Other comparisons between measures were done using a two-tailed Student t test. Throughout, the format average 6 standard error was used to summarize the data.
RESULTS
A total of 36 CT scans (72 MACS) were included in the data analysis. Thirteen scans were from female subjectq and 23 from male subjects. The average (6SE) age of the females scanned was 8. Parameters include the slope (6SE), intercept (6SE), square of the correlation coefficient (r 2 ), Student t value (t value), and the associated probability (P value) for the regression of right on left mastoid air-cell system (MACS) for each of the three parameters and for the regressions of the average values of the left and right MACSs for the three variables on age for female (n ¼ 13) and male (n ¼ 23) subjects. SE ¼ standard error; SA/V ¼ surface area/volume. Table I summarizes the data for this study. The first section reports the results of the linear regression of the right versus left MACS for the three parameters of interest (i.e., MACS volume, surface area, and SA/V ratio). All comparisons had a slope that was not significantly different from 1, an intercept that was not significantly different from 0, and an explained variance (r 2 Â 100%) ranging between 70% and 93%. These results show that the left and right values of each of these three parameters of MACS geometry are not independent, but are linearly related with an approximate 1:1 correspondence (Fig. 1) . Consequently, to avoid artificially inflating the sample size, in subsequent analyses, the average values for the left and right MACS of each individual were calculated for each of the three parameters, and these values were used to develop the age relationships presented for male and female subjects.
The second section in Table I reports the regression parameters for female and male MACS volumes as a function of age. For females, the intercept (projected value at age 0) was 3.13 mL, the slope (rate of change in the variable) was 0.60 mL/year, and the r 2 value was 0.38. For males, the intercept was 2.79 mL, the slope was 0.81 mL/year, and the r 2 value was 0.40. For both males and females, the slope was significantly different from a value of 0 mL/year, but the male-female difference in slopes was not statistically significant (t ¼ À0.59, P ¼ .56). MACS volume as a function of age is shown in Figure 2A . For both females and males, MACS volume showed an approximately linear relationship with age. The fit of the respective regression lines to the data was relatively tight to age 10 years, but after that age, and especially in males, the data points were more scattered about the respective regression lines. The third section in Table I reports the regression parameters for the MACS surface areas of female and male subjects as a function of age. The intercept was highly variable, being 19.2 cm 2 in females and 45.2 cm 2 in males. The respective slopes were 12.3 and 10.4 cm 2 / year, and both were significantly different from a value of 0 cm 2 /year. Like MACS volume, the difference in slopes between females and males was not statistically significant (t ¼ À0.42, P ¼ .68). The r 2 values for females and males were 0.60 and 0.36, respectively. Figure 2B shows the MACS surface area as a function of age for females and males. The fit of regression lines to the MACS surface areas was relatively tight until age 10 years, but then showed a wider scatter.
The fourth section in Table I reports the regression parameters for the SA/V ratios of females and males as function of age. In females, the slope was 0.4/cm/year, intercept was 11.5/cm, and r 2 was 0.30. The difference of the measured slope from a value of 0/cm/year was statistically significant (P ¼ .05). In contrast, for males the slope was À0.07/cm/year, intercept was 15.0/cm, and r 2 was 0.02, and the measured slope was not different from 0/cm/year (P ¼ .51). The difference in slopes between males and females was statistically significant (t ¼ À2.38, P ¼ .02). These data indicate that the SA/V ratio is not affected by age in males but does show a shallow increase with age in females. Figure 2C shows the relationship between SA/V and age for females and males. Of interest, SA/V ratios averaged over all ages was 14.72/cm for females and 14.27/cm for males, and the male-female difference was not statistically significant (t ¼ 0.45, P ¼ .66).
DISCUSSION
The present study focused on the growth and development of MACS geometry as reflected in the volume, surface area, and SA/V ratio. MACS geometry was reconstructed from CT scans obtained from a cross-sectional sample of subjects aged 0.8 to 18 years with no history of ear disease or any abnormalities detected on the CT scan. The results showed that the right and left values of these three parameters across ages were highly correlated. MACS volume and surface area for male and female subjects showed a continued increase from 1 to 18 years of age, and the SA/V ratio for males was independent of age while that of females showed a shallow increase with advancing age. Moreover, for MACS volume and surface area, the data distribution about the respective regression lines was much wider after age 10 years when compared to that before age 10 years.
A number of past studies that addressed growth of MACS volume as measured planimetrically were reviewed by Cinamon. 13 The resolution of three of these studies was too course (5-year average age bins) to provide clear patterns of the change in MACS pneumatization during growth and development. However, three other studies provided yearly data for the period from 1 to 6 years that estimated MACS volume from surface pneumatization in ears without a history of middle ear disease. MACS pneumatization for all three studies showed a linear growth over that age range. [17] [18] [19] The studies by Qvarnberg and by Rubesohm had an extended yearly follow-up to age 18 years. The pattern of MACS pneumatization was characterized by a rather rapid change to a maximum of 10 to 12 cm 2 at age 10 years but no further change after that age to at least age 18 years (the termination of follow-up). 17, 18 This pattern is not consistent with our data or those of other studies. 14, 15 The differences between the results of our study and those based on planimetric methods may reflect the superiority of the CT reconstructions for determining MACS geometry. 20 In that regard, two past cross-sectional studies reconstructed MACS geometry using CT methodologies.
The first study reconstructed MACS volumes using CT scans from 199 ears of 102 Korean subjects aged 6 to 84 years. 14 Because the younger age groups were absent or under-represented, and averages were provided for binned age ranges of 10 years, the results are not strictly comparable to those of the present study. However, maximum MACS volume and pattern of change can be examined. Their results showed that volume increased from 3 mL at age 6 to peak at 7.5 mL at age 20 to 29 years, and then showed a progressive decrease to 2 mL at age 80 to 89 years. For the age range included in both our and the Korean study, MACS volume was much smaller in the latter. As we did not collect scans for individuals older than 18 years, it is not possible to judge if the peak observed at 20 to 29 years is real or an artifact, and it is difficult to understand the progressively lesser MACS volumes between the 30-to 80-year age groups. For the oldest age groups (70þ years), the investigators suggest that the small MACS volume is a consequence of deprivations associated with the Korean War, but the decrease began much earlier than that decade.
The second study by Csakanyi and colleagues reconstructed MACS geometry from the CT scans of 40 children without a history of middle ear disease aged 2.5 to 17.5 years. 15 As with our study, they reported high left-right correlations for MACS volume, surface area, and the SA/V ratio. The average MACS volumes were comparable to those measured in the present study, but their estimated MACS surface areas were approximately 60% of those measured in our study. Also, although our data show a relative linearity for surface area and volume over the studied age range, Csakanyi and colleagues reported an increase in surface area and volume to age 7 to 8 years, followed by a plateau between 9 to 13 years, and then a resumed increase. In passing, they commented that the SA/V ratio did not change with age.
Given that the SA/V ratio for our study was approximately 14.5/cm, the MACS surface area measured by Csakanyi was approximately 60% of that measured by us, and the MACS volumes measured in the two studies were similar, we can estimate a SA/V ratio of approximately 8.6/cm for the data presented by Csakanyi and colleagues. This value is inconsistent with that measured in the present study and in two studies of adults with a wide range of MACS volumes (15.9/cm and 17.1/cm) that used similar reconstruction techniques. 8, 16 We suggest that the low SA/Vs measured by Csakanyi and colleagues are attributable to features of their segmentation and measurement routines that overestimate volume by including structures other than the MACS and by underestimating surface area because most, but not all, MACS septa include gas exchange surfaces on both sides. 15 For bilateral structures, a high correlation between measures for the two sides is indicative of a strong genetic component. The high left-right correlations measured for MACS volume and surface area by us and others 15 during growth and in adults over a wide range of volumes 8 support this position. Small MACS have been related to a susceptibility to middle ear diseases, 2-6 but it is not clear if genetically programmed small MACS predispose to otologic diseases or if otologic diseases stunt the growth of the MACS.
To date, only the study by Csakanyi used CT reconstruction of the MACS to compare its growth and development between children who did and did not (as presented above) have a history of middle ear disease over a wide age range. 15 MACS volume and surface area did not change with age in those with a history of middle ear disease but showed the pattern reported above for those with no history of middle ear disease. When combined with the high left-right correlations for MACS surface area and volume, these results provide some support that MACS growth is stunted by middle ear disease. However, this evidence is weakened by the fact that all ears with a history of middle ear disease also had concurrent otitis media, and therefore the causeeffect controversy cannot be resolved using these data.
One MACS parameter that contributes to the middle ear pressure balance is the SA/V ratio for the middle ear. 8, 21 This cannot be estimated using planar x-rays but requires three-dimensional reconstructions using methods such as those used in this and other studies. 7, 8, 15 It may not be the volume of the MACS that determines the risk for middle ear disease but rather the SA/V ratio for the middle ear. This should be explored further in future studies.
CONCLUSION
The age-related change in MACS volume (and other parameters) for children with no history of middle ear disease have been measured using different techniques and different age resolutions. However, the MACS volume versus age trajectories for these studies are not consistent. Moreover, only one study explored the differences in MACS growth and development between children with and without a history of middle ear disease, and few studies examined the age-related changes in other important MACS parameters such as surface area and the SA/V ratio. To clarify the relationship between MACS volume and risk for middle ear disease and the directional causality of this effect, future studies should be directed toward describing the growth and development of MACS geometry as represented by volume, surface area, and the SA/V ratio in children with and without a history of middle ear disease, with a particular focus on children with a history of unilateral middle disease.
